Abstract. Micrornas (mirs) have been proposed to be involved in the pathological processes of cerebral ischemia/reperfusion (cir) injury. The present study aimed to investigate the potential role and molecular mechanisms of mir-217 in the regulation of neuronal survival in cir injury. To perform the investigation, an in vitro cellular model of cir injury was established by treating neurons with oxygen-glucose deprivation and reoxygenation (oGd/r). mir-217 levels in neurons were detected using reverse transcription-quantitative Pcr. The association between miR-217 and sirtuin 1 (SIRT1) was identified using TargetScan and validated in a dual-luciferase reporter assay. cell viability and apoptosis were measured using a cell counting Kit-8 assay and flow cytometry, respectively. The release of lactate dehydrogenase, and the production of proinflammatory factors and oxidative stress biomarkers were analyzed by eliSas and using specific assay kits. It was revealed that miR-217 was significantly upregulated in oGd/r-treated neurons. SirT1 was a direct target of mir-217, and was downregulated in neurons following OGD/R treatment. Downregulation of miR-217 significantly ameliorated oGd/r-induced neuronal injury, inflammatory responses and oxidative stress. The effects of mir-217 inhibitor on oGd/r treated neurons were attenuated by SirT1 knockdown. additionally, western blotting revealed that the SirT1/aMP-activated protein kinase-α/nF-κB pathway was partially involved in the regulation of oGd/r-induced neuronal injury by mir-217. in conclusion, the data of the present study indicated that the downregulation of mir-217 protected neurons against oGd/r-induced injury by targeting SirT1.
Introduction
ischemic stroke is one of the leading causes of disability and mortality globally (1, 2) . interventions require the recovery of blood flow, which can lead to reperfusion injury. Cerebral ischemia-reperfusion (cir) injury is a pathological process in which nerve damage induced by ischemia and hypoxia is further aggravated following the short-term recovery of blood perfusion (3) . CIR leads to mitochondrial dysfunction, inflammation, massive release of reactive oxygen species (roS), excessive glutamate excitotoxicity and cell death, ultimately resulting in irreversible brain damage (4) . Progress has been made in reperfusion therapy (5) ; however, the therapeutic outcomes remain unsatisfactory. Therefore, improved understanding of the pathological process of cir injury and the identification of novel treatment strategies is required.
Micrornas (mirnas/mirs) are a class of small endogenous noncoding rnas (~22 nucleotides in length) that can regulate the expression of genes at the post-transcriptional level by binding to the 3'-untranslated region (3'-uTr) of target genes (6) (7) (8) . mirnas have been reported to serve important roles in the regulation of a variety of biological processes, including proliferation, differentiation and apoptosis, via the regulation of various target genes (7, (9) (10) (11) . increasing evidence has indicated that mirnas serve important regulatory roles in normal physiology and disease (12) , including in the pathogenesis of cir injury (13, 14) . numerous studies have reported that various mirnas are dysregulated during cir injury, and that targeting these mirnas can effectively relieve neuronal injury in vitro and in vivo (15) (16) (17) .
mirna-217 has been studied in various types of cancers, including lung adenocarcinoma, acute myeloid leukemia, liver and gastric cancers, and colorectal carcinoma (18) (19) (20) (21) (22) . mir-217 has been reported to be downregulated in glioma tissues and cells, and overexpression of mir-217 was observed to reduce the malignancy of glioma cells in vitro and decrease tumor growth in vivo (23) ; however, to the best of our knowledge, there is no data regarding the expression of mir-217 in other neurological diseases, and whether mir-217 is involved in regulating cir injury remains unknown.
research into damage following cir has increased in previous years, and a large number of studies have demonstrated that the mechanisms underlying the effects of cir on brain damage are complex (24) . at present, there is no treatment strategy to effectively treat cir injury. Therefore, finding new and effective CIR injury treatment methods has important clinical significance. Novel roles for miRNAs in the pathogenesis of CIR injury have been identified (13) (14) (15) (16) (17) ; however, to the best of our knowledge, the role of mir-217 in cir injury remains unclear. Therefore, the aims of the present study were to investigate the role of mir-217 in neuronal injury induced by cir using an in vitro cellular model induced by oxygen-glucose deprivation and reoxygenation (oGd/r).
Materials and methods
Primary neuron culture. Primary rat cerebral cortical neurons were extracted from Sprague-dawley rat embryos (n=5) at embryonic day 16-18 as previously described (25, 26) . in brief, brain cortex tissues were extracted and dissected in Hanks' balanced salt solution (HBSS), cut into ~1 mm 3 cubes, washed with HBSS, and then digested with 0.25% trypsin (37˚C for 15 min). Then, DMEM-F12 (Gibco; Thermo Fisher Scientific, Inc.) with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) was used to stop trypsin digestion. The dissociated cells were seeded in 24-well plates and cultured for 24 h at 37˚C. Then, the cells were cultured in neurobasal medium (Gibco; Thermo Fisher Scientific, Inc.) containing 2% B-27, 2 mM glutamine and 50 ug/ml gentamycin, and cells were incubated at 37˚C with 5% CO 2 . Sprague-dawley rats were obtained from Beijing Vital river laboratory animal Technology Co., Ltd., and housed at 25±5˚C with 50% humidity under a 12:12-h dark/light cycle. rats accessed to food and water ad libitum. animal experiments were conducted according to the the guidelines of the national institutes of Health for the care and use of laboratory animals (27) . The present study was approved by the animal ethics committee of the First People's Hospital of Wenling (Wenling, china).
OGD/R model establishment.
The oGd/r model was established in the present study as previously described (26) . in brief, cortical neurons were plated into 6-well plates at a density of 5x10 5 cells/ml (2 ml) and cultured overnight. Then, the neurons were incubated in glucose-free dMeM in a hypoxic incubator chamber (1% o 2 , 5% co 2 and 94% n 2 ) at 37˚C for 6 h. After three washes with dMeM, cells were incubated in dMeM supplemented with 4.5 g/l glucose at 37˚C with 5% CO 2 for 24 h.
The same treatment was performed in the control group without oGd/r exposure. Briefly, neurons in the control group were cultured in dMeM under standard conditions for 6 h. after three washes with dMeM, cells were incubated in DMEM at 37˚C with 5% CO 2 for 24 h.
Cell transfection. cortical neurons were seeded in a 6-well plate (1x10 6 cells/well) and incubated at 37˚C for 24 h. Then, 100 nM mir-217 inhibitor (5'-uac uGc auc aGG aac uGa uuG Ga-3'; Bioneer corp.), 100 nM inhibitor control (5'-Gcc ucc GGc uuc Gca ccu cu-3'; Bioneer corp.), 2 µl control-small interfering rna (sirna; cat. no. sc-36869; Santa cruz Biotechnology, inc.), 2 µl sirtuin 1 (SirT1)-sirna (cat. no. sc-40986; Santa cruz Biotechnology, inc.) or 100 nM mir-217 inhibitor + 2 µl SirT1-sirna was transfected into the cells using lipofectamine ® 2000 reagent (invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocols. At 24 h after transfection, transfection efficiency was measured using reverse transcription-quantitative Pcr (rT-qPcr). at 24 h following transfection with mir-217 inhibitor, inhibitor control, or mir-217 inhibitor+SirT1-sirna, cells were subjected to oGd/r induction. assay. cell viability was determined at 24 h following oGd/r induction as previously described (26) . cell viability was determined via a ccK-8 assay. in brief, cells were plated into a 96-well plate (5x10 3 cells/well) and incubated at 37˚C overnight. Then, cells were transfected with or without mir-217 inhibitor, inhibitor control or mir-217 inhibitor + SirT1-sirna for 24 h (in equal quantities as aforementioned), followed by oGd/r treatment. Subsequently, 10 µl ccK-8 solution (cat. no. c0038; Beyotime Biotechnology) was added to each well and incubated for another 2 h at 37˚C. At the end of the experiment, cell viability was calculated by measuring the absorbance at 450 nm using a Fluostar ® omega microplate reader (BMG labtech GmbH).
Cell Counting
ELISA. The levels of tumor necrosis factor-α (TnF-α; cat. no. PT516), and interleukin (il)-6 (cat. no. Pi326) and il-1β (cat. no. Pi301; all Beyotime institute of Biotechnology) in the supernatant of cells were measured via sandwich eliSas according to the manufacturer's protocol.
Lactate dehydrogenase (LDH) assay. an ldH cytotoxicity assay kit (cat. no. c0016; Beyotime institute of Biotechnology) was used to determine cell injury according to the manufacturer's protocols. in brief, cells were lysed and then incubated with NADH and pyruvate at 37˚C for 15 min. The absorbance value at a wavelength of 530 nm was determined using a Fluostar omega microplate reader.
Cell apoptosis assay.
To investigate the effects of mir-217 on the apoptosis of cortical neurons, an annexin V-FiTc/propidium iodide (Pi) apoptosis detection kit (cat no. 70-aP101-100; MultiSciences Biotech co., ltd.) was using according to the manufacturer's protocols. Following the aforementioned treatments, cortical neurons were stained with 5 µl annexin V-FiTc and 5 µl Pi for 30 min at room temperature in the dark. Subsequently, a flow cytometer (BD Biosciences) was used to analyze cell apoptosis. The apoptosis rate (early + late) was calculated (percentage of cells in the right quadrants) using WinMdi soft-ware (version 2.5; Purdue university cytometry laboratories). ) was using to analyze the synthesized cdnas. u6 and GaPdH were used as internal controls for mirna and mrna expression, respectively. Primer sequences for Pcr were as follows: mir-217, forward, 5'-cGc aGa Tac TGc aTc aGG aa-3' and reverse, 5'-cTG aaG Gca aTG caT TaG Gaa cT-3'; SirT1, forward, 5'-aaT cca GTc aTT aaa cGG TcT aca a-3' and reverse, 5'-TaG Gac caT Tac TGc caG aGG-3'; u6, forward, 5'-GcT TcG Gca Gca caT aTa cTa aaa T-3' and reverse, 5'cGc TTc acG aaT TTG cGT GTc aT3'; and GaPdH, forward, 5'-cTT TGG TaT cGT GGa aGG acT c-3' and reverse, 5'-GTa GaG Gca GGG aTG aTG TTCT-3'. The thermocycling conditions were as follows: 95˚C for 5 min, followed by 38 cycles of denaturation at 95˚C for 15 sec and annealing/elongation at 60˚C for 30 sec. The relative gene expression was calculated using the 2 -ΔΔCq method (28) .
Evaluation of ROS, superoxide dismutase (SOD) and malondi
Dual-luciferase reporter assay. TargetScan bioinformatics software (release 7.1; www.targetscan.org/vert_71) was used to predict the targets of mir-217; a putative binding site between the 3'-UTR of SIRT1 and miR-217 was identified. Then, to determine whether mir-217 directly binds to SirT1, the target sequence (WT-SirT1; aTGcaGT) and a mutated sequence (MUT-SirT1; TacGTca) were synthesized. To point-mutate the mir-217 binding domain on the 3'-uTr of SirT1, a QuikChange Site-Directed Mutagenesis kit (Stratagene; agilent Technologies, inc.) was used according to the manufacturer's protocols. Following digestion with Xhoi and Noti restriction enzymes, a pmir rB report™ reporter gene plasmid vector (Guangzhou riboBio co., ltd.) were combined with synthesized WT-SirT1 or MUT-SirT1 to construct recombinant plasmids, SirT1-WT or SirT1-MuT. neurons (5x10 4 cells/well) were co-transfected with 50 ng SirT1-WT or 50 ng SirT1-MuT, 25 ng prl-TK (expressing Renilla luciferase as the internal control; Promega corporation), and 50 nM mir-217 mimic (5'-uac uGc auc aGG aac uGa uuG Ga-3') or 50 nM mimic control (5'-uuu Gua cua cac aaa aGu acu G-3') using lipofectamine 2000 according to the manufacturer's protocols. at 24 h following transfection, luciferase activity was determined using a dual-luciferase assay system (Promega corporation) and normalized to the renilla luciferase activity.
Statistical analysis. experiments in the present study were performed three times. experimental analysis was conducted using SPSS 17.0 software (SPSS, inc.). data were presented as the mean ± standard deviation. differences between groups were determined using Student's t-test or one-way anoVa with a Bonferroni post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results

miR-217 is upregulated in OGD/R-treated neurons.
To investigate whether mir-217 was involved in cir injury in vitro, the levels of mir-217 in neurons following oGd/r or control treatment was determined via rT-qPcr analysis. as presented in Fig. 1 , compared with the control, oGd/r treatment significantly upregulated the expression of miR-217 in neurons.
SIRT1 is a target gene of miR-217. TargetScan was used to predict the potential targets of mir-217, and a putative binding site between SIRT1 and miR-217 was identified ( Fig. 2A) . To demonstrate the association between mir-217 and SirT1, a luciferase reporter assay was conducted. mir-217 mimic was used to significantly upregulated miR-217 expression in neurons (Fig. 2B) . as presented in Fig. 2c , compared with cells co-transfected with WT-SirT1 and mimic control, luciferase activity was significantly decreased in neurons co-transfected with WT-SirT1 and mir-217 mimic. The results indicated that mir-217 directly targeted SirT1.
Subsequently, the protein and mrna levels of SirT1 in neurons following control or oGd/r treatment were determined via western blot and rT-qPcr analyses, respectively. as presented in Fig. 2d , oGd/r treatment markedly reduced SirT1 protein expression in neurons. additionally, compared with the control group, the mrna levels of SirT1 in neurons were significantly downregulated following oGd/r treatment (Fig. 2e) .
Downregulation of miR-217 alleviates OGD/R-induced neuronal injury.
To investigate the role of mir-217 in oGd/r-induced neuronal injury, neurons were transfected with mir-217 inhibitor, inhibitor control, control-sirna, SirT1-sirna or mir-217 inhibitor + SirT1-sirna for 24 h, then subjected to oGd/r induction. The transfection efficiency was measured by rT-qPcr and/or western blotting. as presented in Fig. 3a , compared with the transfection control group, mir-217 inhibitor significantly downregulated the expression of mir-217 in neurons, whereas the mrna levels of SirT1 in neurons were decreased following SirT1-sirna transfection (Fig. 3B) . The protein levels of SirT1 in neurons were also reduced following SirT1-sirna transfection (Fig. 3d) . Furthermore, it was demonstrated that mir-217 inhibitor significantly increased the mrna expression of SirT1 in neurons, and that this upregulation was attenuated by SirT1-sirna (Fig. 3c) . mir-217 inhibitor also enhanced the protein expression of SirT1 in neurons, in a manner that was attenuated by SirT1-sirna (Fig. 3e) .
Then, the effects of mir-217 inhibitor on oGd/r-induced injury were determined via ccK-8 and ldH assays. consistent with a previous study (25) , oGd/r treatment significantly reduced cell viability and increased ldH release. The effects of oGd/r treatment were inhibited by mir-217 downregulation, and this inhibition was attenuated by SirT1-sirna ( Fig. 4a and B) . additionally, mir-217 inhibition suppressed the oGd/r treatment-induced apoptosis of neurons ( Fig. 4c and d) .
collectively, the data indicated that mir-217 downregulation attenuated oGd/r-induced neuronal injury.
Downregulation of miR-217 alleviates OGD/R-induced inflammatory response.
To further investigate the biological function of mir-217 in the regulation of oGd/r injury, the effects of miR-217 inhibitor on OGD/R-induced inflammation were determined. The levels of TnF-α, il-6 and il-1β were detected by eliSa. as presented in Fig. 5 , the increased levels of TnF-α, il-6 and il-1β following OGD/R were significantly reduced by mir-217 inhibitor; however, these reductions were prevented by SirT1-sirna.
Downregulation of miR-217 alleviates OGD/R-induced oxidative stress.
it was then investigated as to whether transfection with mir-217 inhibitor induced an effect on oGd/r-induced oxidative stress; it was observed that compared with the control, OGD/R treatment significantly enhanced the levels of roS and Mda, and reduced those of Sod in neurons. downregulation of mir-217 significantly decreased roS production (Fig. 6a) , reduced the levels of Mda (Fig. 6B ) and increased those of Sod (Fig. 6c) in oGd/r-treated neurons, whereas these alterations were attenuated by SirT1 silencing. The results indicated that mir-217 downregulation attenuated oGd/r-induced oxidative stress.
Ef fects of miR-217 inhibitor on the SIRT1/A MPK-α/NF-κB pathway in OGD/R-treated neurons.
Finally, the SirT1/aMPK-α/nF-κB pathway in oGd/r-treated neurons was analyzed to investigate the molecular mechanisms underlying the effects of mir-217 on oGd/r-induced neuronal injury. as presented in Fig. 7 , compared with the control, OGD/R treatment significantly reduced SIRT1 mRNA and protein levels ( Fig. 7a and B) , decreased aMPK-α protein phosphorylation levels (Fig. 7a and c) and promoted p65 phosphorylation ( Fig. 7a and d) in neurons. compared with the oGd/r treatment group, mir-217 downregulation significantly upregulated SIRT1 and p-AMPK-α expression, and decreased p-p65 levels; these effects were eliminated by SirT1 downregulation.
Discussion
recent studies have reported that mir-217 serves an important role in the development of tumors (18) (19) (20) (21) (22) . mir-217 is involved in the apoptosis of human podocyte cells by targeting TnF ligand superfamily member 11 in membranous nephropathy (29) . another study demonstrated that mir-217 promotes fibroblast senescence (30) . Additionally, miR-217 was identified as a key regulator in ethanol-induced hepatic inflammation (31); however, the role of miR-217 in neuronal injury induced by cir injury remains unclear. in the present study, the results indicated that mir-217 was upregulated in oGd/r-treated neurons, and its downregulation relieved oGd/r treatment-induced neuronal injury, as revealed by increased cell viability, reduced ldH release and decreased cell apoptosis. additionally, it was observed that mir-217 downregulation notably inhibited OGD/R-induced inflammatory responses and oxidative stress. Furthermore, the findings of the present study revealed that SirT1 was a direct target of mir-217, and that the effects of mir-217 inhibitor on oGd/r-treated neurons were eliminated by SirT1 silencing. a number of experimental studies have revealed that the mechanisms underlying the effects of cir on brain damage are complex (24, 25) . at present, there is no strategy to effectively treat CIR injury. Therefore, finding novel and effective methods has important clinical relevance. The emerging roles of mirnas in the pathogenesis of cir injury have been identified in numerous studies (12) (13) (14) (15) (16) . In the present study, the role of mir-217 in neuron injury induced by oGd/r was investigated.
an in vitro cellular model of cir injury was established by treating neurons with oGd/r. The oGd/r model is a cell injury model widely used to study cir injury in vitro (24, 26, 32) . Then, the levels of mir-217 in neurons subjected to control or oGd/r treatment were determined, and the results revealed that compared with the control group, mir-217 was significantly upregulated in oGd/r-treated neurons. Subsequently, it was revealed that SirT1 was a direct target of mir-217 that was downregulated in neurons treated with oGd/r. SirT1 is a nad + -dependent deacetylase important for apoptosis, cell cycle, mitochondrial function and metabolism (33) , and serves an important role in the regulation of inflammatory responses and oxidative stress (33) (34) (35) (36) (37) . To explore the potential function of mir-217 in the regulation of oGd/r-induced neuronal injury, loss-of-function experiments were performed by transfection with mir-217 inhibitor. The results suggested that miR-217 downregulation significantly mitigated oGd/r-induced neuronal injury, as determined by increased cell viability, reduced ldH release and decreased cell apoptosis. additionally, mir-217 downregulation notably suppressed inflammatory responses and oxidative stress enhanced by oGd/r treatment in neurons.
The activation of the aMPK-α-SirT1 pathway can inhibit nF-κB inflammation (38) . activation of aMPK/SirT1 signaling attenuated TnF-α-induced MMP-3 expression in human nucleus pulposus cells (39) . additionally, activation of the aMPK/SirT1 pathway protected Pc12 cells against cisplatin-induced neurotoxicity (40) . The pathway has also been reported to relieve oxidized low-density lipoprotein-induced endothelial cell injury (41) . These results indicated that aMPK/SirT1 signaling serves important roles in cell injury and inflammation regulation. Furthermore, a recent study revealed that aMPK/SirT1 pathway activation was involved in the protective effects of lncrna SnHG12 on cir injury (42) . Therefore, to investigate the molecular mechanisms underlying the effects of mir-217 inhibitor on oGd/r-induced neuronal injury, the activity of the SirT1/aMPK-α/nF-κB pathway was analyzed in the present study. results revealed that OGD/R treatment significantly reduced SIRT1 mRNA and protein levels, decreased aMPK-α phosphorylation, and increased p65 phosphorylation level in neurons; these effects were reversed by mir-217 inhibitor. of note, all the observed effects of mir-217 inhibitor on oGd/r-treated neurons were attenuated by SirT1 silencing.
in conclusion, the results of the present study demonstrated that mir-217 was upregulated in oGd/r-treated neurons, and that its inhibition attenuated oGd/r-induced neuronal injury via the upregulation of SirT1 and the SirT1/aMPK-α/nF-κB pathway. of note, this is a preliminary study of the role of mir-217 in cir injury, and further research is required to more comprehensively and convincingly determine the precise roles and mechanisms of mir-217 in cir injury. For example, the effects of mir-217 on cir injury in vivo should be investigated, in addition to the effects of SirT1 manipulation alone on cir injury. Furthermore, in the present study, experiments were performed at only one time point (24 h following oGd/r treatment); thus, additional time points should be investigated in the future. Finally, an investigation into the association between mir-217 expression and the clinical characteristics and prognosis of patients with cir injury is required to confirm the clinical relevance of mir-217 in cir injury. in-depth research into these issues will be conducted in the future. inhibitor. mir-217, microrna-217; oGd/r, oxygen-glucose deprivation and reoxygenation; ldH, lactate dehydrogenase; sirna, small interfering rna; Pi, propidium iodide. Figure 7 . effects of mir-217 inhibitor on SirT1/aMPK-α/nF-κB pathway in oGd/r-treated neurons. neurons were transfected with mir-217 inhibitor, inhibitor control or mir-217 inhibitor + SirT1-sirna for 24 h, followed by oGd/r treatment. Then, the (a) protein and (B) mrna expression levels of SirT1 were determined by western blot and reverse transcription-quantitative Pcr analyses, respectively. additionally, the protein levels of p-aMPK-α, aMPK-α, p65, and p-p65 were measured by western blotting. The ratios of (c) p-aMPK-α/aMPK-α and (d) p-p65/p65 normalized to β-actin were calculated and presented. data are presented as the mean ± standard deviation. inhibitor. mir-217, microrna-217; oGd/r, oxygen-glucose deprivation and reoxygenation; sirna, small interfering rna; SirT1, sirtuin 1; p, phosphorylated; aMPK-α, aMP-activated protein kinase-α. Figure 6 . effects of mir-217 inhibitor on oxidative stress in oGd/r-treated neurons. neurons were transfected with mir-217 inhibitor, inhibitor control or mir-217 inhibitor + sirtuin 1-sirna for 24 h, followed by oGd/r treatment. Then, (a) roS, (B) Mda and (c) Sod levels were determined. data are presented as the mean ± standard deviation. inhibitor. mir-217, microrna-217; roS, reactive oxygen species; oGd/r, oxygen-glucose deprivation and reoxygenation; sirna, small interfering rna; Mda, malondialdehyde; Sod, superoxide dismutase. Figure 5 . Effects of miR-217 inhibitor on proinflammatory factor levels in OGD/R-treated neurons. Neurons were transfected with miR-217 inhibitor, inhibitor control or mir-217 inhibitor + sirtuin 1-sirna for 24 h, followed by oGd/r treatment. Then, the levels of (a) TnF-α, (B) il-6 (c) and il-1β in the supernatant of neurons was measured using eliSa. data are presented as the mean ± standard deviation. ** P<0.01 vs. control; ## P<0.01 vs. oGd/r; && P<0.01 vs. inhibitor. mir-217, microrna-217; TnF-α, tumor necrosis factor-α; oGd/r, oxygen-glucose deprivation and reoxygenation; sirna, small interfering rna; il, interleukin.
